Transfusional iron overload leads to gonadal failure and low bone mass in patients with thalassemia (Thal). However, gonadal failure is rarely reported in transfused patients with sickle cell disease (SCD) and the literature regarding fracture prevalence in SCD is limited. The objective of this study was to assess self-reported fracture prevalence and its relationship to endocrinopathy in transfused Thal or SCD subjects and compare to non-transfused subjects with SCD (NonTxSCD). Eligibility was based on age ≥12 years and liver iron concentration ≥ 10 mg/g dry wt or serum ferritin ≥ 2000 ng/mL (Thal or TxSCD) or for NonTxSCD, ferritin < 500 ng/mL. Data were collected by patient interview and chart review at 31 clinical centers in the U.S., Canada and the U.K. 152 subjects with Thal (52% Male; 25.6±0.7 yrs), 203 subjects with TxSCD (44% Male, 24.7 ±0.9 years: Mean ± SE), and 65 NonTxSCD (50% Male, 22.2 ±1.3 yrs) were enrolled. Overall, male subjects with Thal were more likely to have sustained a fracture in their lifetime (51%) compared to TxSCD (28%) or NonTxSCD (32%) (p=0.005). There was no difference in fracture prevalence among women (Thal: 26%, TxSCD 17%, NonTxSCD: 16%). Fracture was most frequently reported in the upper extremities (53.3% of all fractures) while spine and pelvic fractures were relatively common for such a young cohort: 10.6%. Though overall fracture prevalence was not distinctly different from published healthy cohorts, fewer fractures occurred during the adolescent years. In multivariate analysis, the significant predictors of fracture prevalence were Thal diagnosis (Odds Ratio: 2.3; 1.2-4.6; 95%CI), male gender (OR: 2.6; 1.5-4.5), hypothyroidism (OR: 3.3; 1.1-9.8) and age (OR: 1.1; 1.03-1.08). These data suggest that despite similar iron burden, transfused patients with Thal are at greater risk for fracture than subjects with SCD. Male subjects with Thal and hypothyroidism are at particular risk for fracture, in contrast, transfused subjects with SCD had no greater risk of fracture compared to non-transfused SCD. Though ethnic differences in fracture risk cannot be ignored, endocrinopathy is rare in TxSCD which may also provide some protection from fracture.
Introduction
Fracture incidence is well studied in healthy populations revealing a bi-modal curve, with peaks typically in the second and following the fourth decades of life [1] . Before 20 years of age, fracture is more common in males than females, primarily resulting from recreational activities [1, 2, 3] . Above 40 years of age, fracture is more common in females primarily the result of low bone mass [1, 4] . Fracture in older patients results in increased morbidity, decreased independence and even elevated risk for mortality [5] . As patients with hematological disorders live longer, bone pain, osteoporosis and concomitant fracture are proving to be sources of significant morbidity [6, 7, 8, 9] .
Thalassemia and sickle cell anemia are the two most common hemoglobinopathies in North America, combined they affect over well over 70,000 individuals. Though distinct in presentation, both groups exhibit similar risk factors for low bone mass: delayed growth and pubertal development [10, 11] , milk avoidance, lactose intolerance, bone forming nutritional deficiencies (Calcium, Vit D, Zinc) [12, 13, 14] , as well as depressed serum 25-OH vitamin D [15, 16] . Additionally chronic hemolytic anemia or ineffective erythropoiesis leads to widening of medullary cavities and intratrabecular spaces and decreased cortical thickness [17, 18] . Both groups also have a number of factors which may prove protective against fracture: severe anemia leads to decreased physical activity and fewer opportunities for recreational fractures [19] ; patients with sickle cell disease who experience hypoxic episodes tend to have more pain and are therefore less apt to exercise; and parental overprotection may decrease exposure of the chronically ill child to fall risk.
Chronic transfusion is a life-saving therapy for many patients with Thal, whereas for SCD it is being used with increasing frequency to decrease risk for stroke. Though beneficial, transfusion therapy results in iron overload and iron-related organ toxicities in patients without strict adherence to chelation therapy. Although iron-related endocrine abnormalities are observed more frequently in Thal [20] , the relationship of endocrinopathy to fracture prevalence has not been investigated in detail in either Thal or SCD.
A natural history, multi-center study was conducted to assess self-reported fracture history and iron-related endocrine dysfunction in transfused Thal and SCD subjects and compare to nontransfused subjects with SCD (NonTxSCD). The primary objective of this study was to determine whether fracture risk was similar in the 2 heavily iron overloaded groups. The secondary objectives were to compare fracture prevalence between iron overloaded and noniron overloaded SCD subjects and to explore factors related to fracture in these unique patient populations.
Materials and Methods
The Multi-Center Study of Iron Overload was a prospective, longitudinal, natural history comparative study of organ dysfunction in adolescents and adults with transfusional iron overload and thalassemia or sickle cell disease and a control group of SCD subjects without iron overload. Subjects were recruited from 31 clinical hematological centers in the United States, Canada and the United Kingdom. The protocol and consenting documents were developed at the coordinating center (Children's Hospital & Research Center, Oakland) and full institutional approval was obtained at each participating center. Informed written consent was obtained from all subjects and/or parents for subjects <18 years of age, and assent obtained from child participants in accordance with each institutions policy.
Subjects
Transfused subjects with sickle cell disease (Hb SS-type or Hb S β° Thalassemia) or thalassemia (β-or E-β-thalassemia) who were 12 years of age or older were screened at each center for eligibility. Eligibility was based on a liver iron concentration (LIC) of ≥ 10 mg/g dry weight by percutaneous biopsy within 2 years of screening or an average serum ferritin value within the previous 12 months of ≥ 2000 ng/dL. Non-transfused subjects with SCD (NonTx-SCD) were considered eligible if they were ≥ 12 years with an average serum ferritin value of < 500 ng/dL. Subjects with a history of genetic, metabolic, neuro-degenerative or other medical disease known to impact bone, endocrine, hepatic or cardiac organs were excluded.
Procedures
After enrollment, each subject's medical history was reviewed by subject interview and medical record review as previously described [21] . The subject interview questionnaire included sections on demographics, medical, orthopedic and surgical history, recent hospitalizations, family history of endocrine complications, nutritional supplements, medications, tobacco and alcohol usage. A self-reported fracture history questionnaire included site of, age at, reason for and treatment of each fracture. Fracture etiology was organized into one of five categories: fall, sports/recreational injury, motor vehicle accident, heavy object or other/unknown. After review of the etiology of all fractures, those in the "other" category which were described as "fight" or "assault" were analyzed separately. Fracture treatment was organized into one of 4 categories: cast/splint, surgery, hospitalization or no treatment. If a specific treatment was given two treatment categories, such as requiring surgery and casting, the more serious treatment was chosen, e.g. surgery. After review of all fractures, those considered minor (e.g. finger, nose, toe fractures) or questionable were removed from the analysis prior to categorization. Nineteen minor fractures were sustained in all, suffered by 4.6% of Thal, 3.9% of TxSCD, and 1.5% of NonTxSCD. The remaining fractures were then divided into the following categories: upper extremity (shoulder, arm, forearm, wrist, or hand fracture), lower extremity (leg, ankle, foot), spine/back/pelvis, and other (rib, clavicle, collar bone, skull or undefined). Given site of fracture was by self report, the description of fracture location was frequently non-specific, e.g. lower leg vs. distal tibia. If further clarification was not made with a subject, the original description provided by the subject was unaltered.
Height and weight was obtained in all subjects and a validated, self-reported pubertal assessment was completed in those < 21 years [22] . The medical record review included documentation of transfusion and chelation history and recent laboratory values. Chronic transfusion was defined as ≥ 8 transfusions per year or 1 transfusion at least every 7 weeks. Endocrinopathy was described in detail previously [20] , and was considered as dysfunction in at least one of four axis studied: growth failure, diabetes, hypogonadism or hypothyroidism. Growth failure was defined as a height Z-score of less than −2.5 and/or ongoing growth hormone therapy; diabetes was defined as a fasting glucose > 126 mg/dL and/or non-fasting glucose > 200 mg/dL and/or exogenous insulin administration or oral hypoglycemic medications; hypothyroidism was defined as ongoing thyroid hormone replacement therapy; and hypogonadims in females was defined as >13 yrs, not yet Tanner B2 or >14 yrs requiring estrogen replacement therapy or >15 yrs with primary amenorrhea, hypogonadism in males >14 yrs, not yet Tanner G2 or on androgen replacement therapy or >17 yrs, not yet Tanner G4. Though the adequacy of treatment was not specifically addressed, all subjects were under routine medical treatment due to their primary hematological condition.
Data analysis
Differences in continuous variables between groups (Thal vs. Tx-SCD, Tx-SCD vs. NonTx-SCD) at baseline were analyzed by Student's t-tests. For categorical outcomes, differences between groups were analyzed using Pearson chi-square tests. Fisher's exact tests were used for 2 by 2 comparisons. The ferritin data was skewed and therefore log-transformed before performing statistical tests. Descriptive data are presented as percentages or mean ± SD. The main outcomes of interest were: 1) fracture prevalence at baseline among groups, 2) fracture prevalence by age group, and 3) age of first fracture. Fracture prevalence was calculated as the percentage of all reported fractures at the baseline time point divided by the total number of subjects enrolled. Analysis of time to first fracture was performed using Kaplan-Meier survival estimates with age in years as the unit of analysis time. Period prevalence for each age group was calculated by dividing the number of fractures that occurred at a specific age (in years) by the total number of subjects for whom we had information at that age. Therefore, each subject contributes total person-years of follow-up equal to their age at baseline. Variables associated with fracture prevalence were determined using logistic regression techniques. Significance was defined at a p<0.05 level.
Results
203 iron-overloaded subjects with SCD, 152 subjects with Thalassemia and 65 non-iron overloaded subjects with SCD were eligible and completed baseline assessment (Table 1) . Subject age and gender distribution were not different among groups (Table 1) . By design, the transfused Thal and SCD subjects had significantly higher serum ferritin values compared to the NonTxSCD subjects. As previously reported [20] shorter transfusion duration and higher iron load were observed in the TxSCD subjects, yet the transfused Thal subjects had a much higher prevalence of endocrinopathy compared to TxSCD.
Overall, subjects with Thal were more likely to have reported suffering a fracture in their lifetime than those with Tx-SCD or NonTx-SCD (Table 2, p<0.001). A closer analysis revealed that this difference was greatest between the male subjects (p=0.002), as there were no differences in fracture prevalence among women by diagnosis. Within the sub-group of subjects who had sustained a fracture, Thal subjects suffered their first fracture at an earlier age compared to TxSCD (p<0.001, Figure 1 ). Subjects with Thal also had a 5.6 fold greater odds of suffering multiple fractures, after adjusting for age, compared to Tx and NonTxSCD subjects (p=0.002). The majority of these multiple fractures were sustained in the upper extremities (23 arm, 13 wrist, 3 elbow) followed by the lower extremities (10 leg, 7 ankle, 4 foot). For SCD subjects with a history of fracture, NonTx subjects suffered more fractures than Tx subjects (p=0.02). Recurrent fractures, or those occurring at a similar site to a previous fracture, occurred in 38% of Thal, 29% of Tx-SCD and 40% of NonTx-SCD subjects with previous fracture. There was a strong inter-relationship between ethnicity and diagnosis, therefore the effect of ethnicity on fracture prevalence could be investigated in the Thal group only. No differences in fracture prevalence by ethnicity within the Thal group were observed.
When all three groups are combined, there was no difference in age at which fractures occur by gender. However, 31% of males had sustained a fracture by the age of 18, compared to only 17% of females (p=0.006). The most common site of fracture was the upper extremity (53.8% of all fractures, Table 2 ). Fractures which occur at the spine, hip and pelvis are typically rare except cases of significant trauma or in post-menopausal women who have significantly reduced bone mineral density. However, in this relatively young cohort of subjects, 19 subjects (4.5% of whole cohort) suffered these types of fractures. Of these, 3 resulted from significant trauma such as a motor vehicle accident or involvement with a heavy object, 9 were subsequent to a fall and 3 occurred as a result of a sporting event. Only four subjects suffered these types of fractures under the age of 21 in the absence of trauma or accident, all with a Thal diagnosis.
Additionally, in the group as a whole, there were a total of 5 fractures that resulted from a fight. These 5 fractures occurred in 1 Thal, 1 Tx-SCD and 2 NonTx-SCD subjects. There were an additional 3 fractures resulting from an assault, equally divided amongst subjects in the 3 diagnoses. If traumatic incidents are excluded from the analysis, that is fractures suffered from a motor vehicle accident, bike or bus accident, fight, assault, or heavy object, a more objective analysis can be made between the diagnoses. Therefore, when these remaining fractures are analyzed, 33.8% of the Thal subjects suffered atraumatic fractures compared to only 18% of the Tx-SCD (p=0.001). There were no significant differences in how fractures were treated among subject groups. As would be expected, over two thirds of all fractures were treated with a cast or splint, while close to 8% were treated with surgery or hospitalization ( Table 2) . Fractures treated with surgery or hospitalization (n=14) were sustained primarily from a fall (n=8). Surgical procedures were used to treat hip (n=3), arm (n=1), femur (n=1), knee (n=1) and jaw (n=1) fractures, whereas all of those treated by hospitalization were rib fractures. An additional 7% were not treated, these fractures mainly occurred in the rib (n=5), clavicle (n=1), hand (n=1), foot (n=2) and elbow (n=1).
Fracture prevalence was also compared by age group (Table 3) . When adolescents (12-18 yrs) are analyzed separately, there was no difference in fracture prevalence by diagnosis, between 12.5 and 17.7% of subjects had sustained a fracture. Whereas, for adults (19+ yrs), Thal subjects have a higher fracture prevalence (44.9%) compared to TxSCD (26.7%, p=0.005); there was no difference in fracture prevalence in the adult TxSCD compared to the NonTxSCD group. Though there appeared to be differences in fracture prevalence by gender when separated by age group, given the smaller number of total fractures, these differences were not significant. Moreover, when fracture cause, etiology and treatment are compared amongst the adult vs. the adolescent subjects, no statistically significant trends were observed.
When the transfused subjects are analyzed together (Thal and TxSCD only, Table 4 ), there were no differences in height or weight Z-scores between those who fractured and those who did not fracture, and no greater likelihood of those who fractured to be taking growth hormone. There was also no difference in age of transfusion or chelation initiation; however those who fractured were transfused and chelated for a longer duration than those without history of fracture. There was also no relationship between liver iron concentration and fracture in the subset of subjects who had a recent biopsy (n=151). Those who fractured were more likely to have hypogonadism (p=0.005) and hypothyroidism (p=0.002).
There was a strong, stepwise relationship between alcohol consumption and fracture prevalence. Only 20.1% of subjects who abstain from alcohol suffered fractures compared to 33.5% of those who consume alcohol 1 to 2 times/month, and 51.4% who consume alcohol on a weekly basis (p<0.001). Similarly there was a stepwise increase in fracture prevalence in those subjects who never smoked (25% with fracture), previously smoked (36.4% with fracture) and currently smoked (42.3%, p=0.021)
In multivariate analysis, significant predictors of fracture prevalence were Thal diagnosis (Odds Ratio: 2.3; 1.2-4.5; 95%CI), male gender (OR: 2.6; 1.5-4.4), hypothyroidism (OR: 3.4; 1.2-9.5) and age (OR: 1.1; 1.03-1.08). Transfusion duration was not a significant predictor. There was a weak interaction term between gender and hypogonadism and fracture prevalence. The prevalence of fracture is 2.0 greater among individuals with hypogonadism regardless of gender (p<0.05), whereas for those with normal gonadal function, males have a 2.3 fold greater odds of fracture compared to females (p<0.001).
Discussion
These data suggest that despite similar iron burden, transfused patients with Thalassemia are at greater risk for overall bone fracture as well as atraumatic fracture than transfused subjects with SCD. We previously reported that patients with thalassemia are also at greater risk for endocrinopathy [20] , which appears to be related to the increased risk for fracture. In contrast, transfused subjects with SCD had no greater risk of fracture or endocrinopathy compared to non-transfused SCD.
Fracture prevalence in this cohort of iron-overloaded patients with Thal (38.8%) was very similar to that published recently from the Thalassemia Clinical Research Network of North America [6] , where 40.6% of patients with Thalassemia major suffered fracture in their lifetime. Similar self-reporting methodology was used in both studies. In this cohort selected for extremely high iron levels, the majority of Thal suffered at least one iron-associated endocrinopathy, which was highly related to the prevalence of fracture. Whereas in the TCRN report [6, 7] , fracture prevalence was related to low bone mass and sex hormone replacement therapy, but not to the presence of other endocrinopathies.
Subjects with Thalassemia suffered their first fracture at a younger age and were more likely to have multiple fractures compared to TxSCD. Additionally, we found the strongest determinant of new fracture was a previous fracture. Male subjects with transfusion dependent thalassemia tend to fracture more than females, they also are more likely to be hypogonadal [20] . Therefore male patients with thalassemia, endocrine dysfunction and fracture history are at particular risk for future fracture and practitioners should be aware of this risk.
There are very few reports of fracture in SCD subjects with which to compare these data. There is a case report of a 24 year old female with SCD who suffered a stress fracture of the femur from minimal trauma [23] , and another of an atraumatic vertebral fracture [24] , both rare occurrences. Additionally, in 1986, pathological fracture was reported as a frequent complication in a cohort of SCD patients with osteomyelitis [25] . Despite the paucity of reports regarding fracture, low bone mass is a commonly cited morbidity in this population [10, 26, 27, 28] .
Given this cohort of subjects with hemoglobinopathies is relatively young, median age of 25 years, we would expect few fractures to occur as a result of non-traumatic, non-sports related injuries. Over half of the reported fractures in this study were from a fall, whereas less than a quarter occurred during recreational activities. The most frequently reported fracture site in this study, the upper extremity, was similar to reports in healthy adolescents [3] . Though a much smaller percentage of all fractures (10%), spine, hip and pelvic fractures were relatively high compared to a 1997 report from England in which there were no such reports in patients less than 55 years of age [1] . Moreover the prevalence of fracture in patients less than 18 years of age was lower than published values of fracture prevalence in children without chronic disease [29] . Peak incidence of fracture in a population based cohort from Britain was 14 years for boys and 11 years for girls [3] , whereas the peak age of fracture for patients with hemoglobinopathies appears to be in the mid to late 30's ( Figure 2 ).
The percentage of subjects who remain fracture free by the age of 18 years is significantly higher than population estimates of healthy children without hemoglobinopathies [29] . In the cohort of healthy subjects from New Zealand, 50% of children reach 18 years fracture free, while in this combined cohort, 64% of all subjects are fracture free by that age. There does not appear to be an increase in fracture prevalence during the adolescent growth spurt (Figure 2 ) or surrounding the initiation of menstruation (data not shown), as is typically observed in healthy reference cohorts. Though age at which fracture occurs might be skewed away from adolescence, overall period prevalence by age group appears similar to healthy Caucasian cohorts reported previously [30] .
These findings suggest that the epidemiology of fracture is quite different. Fractures occur in young patients with hemoglobinopathies not from risk taking behavior but perhaps secondary to low bone mass or vitamin D deficiency. Though assessment of bone density was uncommon in many of the subjects enrolled in this study, low bone mass has been reported previously in both Thal [6] and SCD [26] [27] [28] . BMD Z-score has been shown to decrease with age in both conditions [6, 28] . Vitamin D deficiency, data not ascertained in this cohort, has also been reported in both populations [15, 16] , which is known to be an independent predictor of fracture.
Despite severe anemia, reduced physical activity and exercise tolerance [19] , these adolescents and young adults are not protected from fracture. Their delayed pubertal growth spurt, and perhaps a shift in the development of peak bone mass [6] may shift the period prevalence at which fracture occurs to be much older than in healthy cohorts. Low bone mineral density is a well known risk factor for fracture in adults, but has only recently been in childhood cohorts [31] . Childhood fracture has also been linked to milk avoidance [32] and smoking [33] . Though dairy consumption was not measured in this study, reduced calcium intake has been reported previously [12] , and despite a small total number of subject who were current smokers (n=52 or 12.7% of the sample), there was a stepwise increase in fracture risk with smoking habits in these subjects. These observations warrant increased vigilance in monitoring and correcting these behaviors when possible.
This study does have limitations, most notably the self-reporting methodology used to ascertain fracture information. Self-reporting was used to collect information vs. adjudication of each fracture by X-ray. Gathering information in this way may be less accurate and/or over represent the number of fractures, particularly minor fractures [34] . To balance this, we deleted what were presumed to be minor fractures: finger, toe and nose fractures prior to analysis. These 'minor' fractures were sustained by less than 5% of the sample and did not differ by group. However, 13% of all remaining fractures were reported as either 'untreated' or the patient could not remember how the fracture was treated. One may question the validity of these 24 fractures, but there were no differences among groups in reporting this category. In the case of vertebral fractures, the lack of radiologic evaluation likely resulted in an underestimation of these type of fractures as they often go unreported until a X-ray is taken of the spine for some other indication. Given these limitations, comparing these estimates of fracture with previous literature where fractures were confirmed by X-ray must be done with caution.
Potential ethnic differences in bone density, geometry and subsequent fracture risk must also be considered. For example, Kato et al. reported that the relative risk of fracture in African American women enrolled in the New York Women's Health Study was 0.45 (95%CI: 0.32-0.63) compared to non-African American women [35] . The majority of patients (44%) with Thal in this cohort considered themselves to be white, whereas 91% of the SCD cohort were non-white. Therefore, ethnic differences in fracture risk cannot be ruled out. However, given the paucity of literature regarding fracture risk in patients with sickle cell disease, and the uniqueness of this cohort in which transfused patients with SCD are observed alongside nontransfused subjects, this information is valuable and may serve as a basis for others to build upon. Finally, we had limited power to detect differences in new fracture incidence amongst the groups over the 4 year prospective data collection period, therefore these data were not included in the analysis for this manuscript. During the 4 year period of data collection, there were 17 new fractures in patients with Thal, 11 new fractures in TxSCD and 2 new fractures in NonTxSCD subjects. In order to collect robust incidence rate ratios in these subject populations, future studies would need to either recruit a larger cohort or follow the subjects for a longer period of time.
Conclusions
These data suggest that despite similar iron burden, transfused patients with thalassemia are at greater risk for bone fracture than subjects with sickle cell disease. Despite recent improvements in transfusion and chelation therapy, male subjects with thalassemia and hypothyroidism are at particular risk for fracture. In contrast, transfused subjects with SCD had no greater risk of fracture or endocrinopathy compared to non-transfused SCD. Though ethnic differences in fracture prevalence must also be considered when comparing these unique groups, it appears that endocrine organs may be protected against iron-related organ injury in SCD, which may also provide protection from high incidence of fracture. If thyroid and gonadal dysfunction are identified and corrected early, risk for fracture may be reduced. Period prevalence (#fractures/1,000 person-years at risk) for the combined group of subjects with hemoglobinopathies, n=420. There does not appear to be an increase in fracture during the adolescent growth spurt, as is typically observed in healthy reference cohorts. b For categorical variables, the reference variable is provided in parentheses, for example, Thal subjects are the reference compared to TxSCD.
